Classification and inventory of the current diversity of forest communities and their environments (i.e. site conditions) were developed based on Kolesnikov's topogenetic classification approach in Angara region (Central Siberia). This classification considers characteristics of forest regeneration dynamics, such as trends and rates of forest regeneration succession in a range of site conditions; therefore, it is used as a basis of a key for a forest regeneration dynamics map. An algorithm of forest regeneration dynamics mapping based on a spatial analysis of multi-band satellite data, a digital elevation model (DEM), and ground data combined with expert estimates of the resulting land cover classes was applied using geographic information system (GIS) "Forests of Central Siberia". Based on this algorithm, Landsat 7 ETM+ satellite imagery, SRTM-3-DEM, and field data were processed for the Angara test site. The resulting maps include two polygonal vector layers: one is forest regeneration stages (stand types) and the other is forest succession series (forest types) in a range of site conditions.
INTRODUCTION
Siberian boreal forests, a unique biome of forest ecosystems situated along the northern tree line of Asia, perform globally important environmental functions. Siberian forests, as compared to European forests, still cover vast areas and are characterized by natural dynamics. They can be considered as a reference of species and ecosystem diversity. Monitoring of forest ecosystem biodiversity and sustainability under ever increasing human-caused environmental stresses is a major forest protection challenge.
Classification and mapping of forest communities are among research priorities nowadays, because vegetation cover of Siberia has changed drastically over the past fifty years as a result of logging, fire, insect outbreaks, increasing industrial emissions, and natural disasters. Forest cover mapping is a basic component of forest monitoring systems that enables spatial interpretation and estimation of current changes of forest state and dynamics caused by various factors.
Maps created using traditional methods become out of date very soon. At present, creating new or updating old maps involves the use of satellite images and GIS technologies in combination with traditional mapping methods. A major weakness of traditional map creation is a strong influence of a human factor on delineation of objects of interest (Konovalova et al. 2005; Mkrtchan 2006 ). With GIS technologies, this human influence is minimized, since using these technologies enables development of methods to identify land cover units, such as forest cover, having similar pre-set characteristics. Use of GIS technologies, the most effective tool to analyze and classify spatial information, has improved our understanding of forest cover dynamics immensely. A map is no longer a static picture; it is a regularly updated computer database.
Increasing aerial and satellite information used in building and updating GIS-based thematic maps, as well as a growing need for its high accuracy and rate of interpretation necessitate automation of satellite data processing and thematic mapping procedures. Approaches to GIS-based mapping of hierarchical ranks of land cover units using robust information processing algorithms are discussed in a number of papers published over the past several years (Konovalova et al. 2005; Sysuev 2006; Ermakov et al. 2007 ). These approaches cover baseline field data collection and processing, remote sensing data interpretation, and automated development of thematic maps. The resulting land cover units vary in thematic characteristics, size, and hierarchical rank.
Most studies addressing DEM-based thematic map development deal with landscape mapping. Landscape units (which are land cover units) are identified using automated classification of DEM (Mkrtchan 2006 ) and satellite imagery (Puzachenko et al. 2003; Konovalova et al. 2005) or by their spatial analysis (Merekalova 2006) . Noteworthy is a method of determination of potential topography-controlled site conditions type based on detailed analysis of DEM morphometric characteristics proposed by Sysuev and Shary (2000) .
Another research direction is recognition of vegetation cover units of different ranks (Ermakov et al. 2007 ), vegetation cover classes and dominant woody species (Kharuk et al. 2005) in space images, characteristics reflected in DEM being used as indirect descriptors of vegetation site conditions. Morphometric relief parameters (Sysuev and Shary 2000) or DEM-based calculated complex ecological characteristics (Mkrtchan 2006) are used for automated DEM classification.
Automated mapping of vegetation cover, particularly its regeneration dynamics, is a challenging problem covering a number of tasks which can be accomplished only through interdisciplinary research efforts. One of these tasks is recognition of forest types in space images. Although development of approaches to forest type recognition in aircraft images has a history of almost fifty years (Kireyev 1963) , no universal method has been proposed. It is hard to develop universal methods, on the one hand, because of a great variety and complex arrangement of forest communities. On the other hand, the number of forest type characteristics reflected in aerial and satellite images are less than that covered by the traditional forest type definition (Sukachev 1972) . For example, woody species is a direct forest type feature, but stand species composition can only be recognized in detailed-scaled aerial images, whereas multispectral images do not cover the entire diversity of forest types and site conditions. This reduces effectiveness of using aerial and space images for forest type determination. To identify forest types, indirect features are used, such as relief elements indicating certain forest site conditions. GIS technologies are the most promising tool regarding automated recognition of forest site conditions that largely control vegetation structure and species composition.
Computer programs available nowadays to process remote sensing data (RSD), as well as increasing space imagery resolution allowed to automate traditional methods of RSD analysis to a fairly high level and to combine them as a single technology. Use of this technology facilitates RSD analysis and provides higher confidence and detail of its results.
Another task is to choose classification criteria that could take into account forest regeneration dynamics characteristics, as scientific and practical value of any thematic map is largely determined by principles of classification of the objects of interest. These principles are based upon in developing map keys. Therefore, vegetation communities and their dynamic states should be classified so that their spatial distribution, as well as their origin and future development trends is reflected.
Continuously increasing anthropogenic impacts on the environment have resulted in a sharp decrease in areas occupied by native undisturbed ecosystems. Many ecosystems have been disturbed and shifted from climax to succession over the past 50 years. Fire disturbs up to ten million hectares of taiga forests every year.
Therefore, our two-prong study focused on classification and inventory of the existing diversity of forest ecosystems as a basis of estimation of the current state and trends of forest succession for a range of site condition and development of an algorithm of computer mapping of forest ecosystem regeneration dynamics. This algorithm should be based on automated methods of spatial data analysis combined with expert data estimates.
Study area
This study was conducted in Angara region (57º-59º00´N, 99º-103º00´E), the southernmost geographical province of the central Siberian geographical area found within the Central Siberian Plateau. The study area is an elevated plain gently sloping northeastward and having both plain and mountain topographical characteristics. Angara folds and multiple trap outcrops occur in this generally plain area. The surface structure non-uniformity accounts for diverse forest vegetation in this area. The study area is located on the Angara trap plateau elevated 300-500 m above sea level (a.s.l.).
The area is in extremely continental climate, climate continentality increasing westeastward. Average annual air temperature is -2.1°C to -2.4°C, amplitude of average monthly temperatures is about 40-43°C. Annual precipitation is 320-490 mm and decreases northeast-southwestward. Winter precipitation (100-160 mm) accounting for 25-35% of the total annual precipitation received by this area and is sufficient to form 35-70 cm deep snow cover (Popov 1982) . Permafrost occurs as "islands" and covers 20-30% of the total area.
Forest vegetation characteristics change considerably with elevation, particularly in the mountain-like parts of the area. However, elevation-caused vegetation changes are also observed in the elevated plain parts. The lower altitudinal belt of light (i.e. light-needled) conifer forest (Pinus sylvestris L., Larix sibirica Ledeb.) and upper belt of dark (i.e. darkneedled) conifer forest (Picea obovata Ledeb., Abies sibirica Ledeb., Pinus sibirica Du Tour) are found across the study area (Popov 1982) .
Elevated watersheds (over 600m a.s.l.) located on the Angara folds are covered by Siberian pine stands, whereas dark conifers occur as low as 400 m a.s.l. Scots pine stands are widely spread in lower water, mixed Scots pine/larch stands occupying watershed slopes. Spruce forest covers small river valleys. Secondary birch stands accounting for 10-15% of the total forest area are initial post-fire or post-harvesting stages of Scots pine, larch, and spruce forest regeneration (Popov 1982) .
Analyzing genesis of and classifying Angara forests is a complicated task, as these forests are heavily disturbed by fire and are, hence, represented by different post-fire vegetation regeneration stages.
MATERIALS AND METHODS
Classification of forest communities taking into account their regeneration dynamics was done using a topogenetic approach developed by Ivashkevich (1933) and Kolesnikov (1956) for mountain forests of the Russian Far East. A topogenetic (from Greek genesisorigin, i.e. based on origin in similar topographic conditions) approach allows to build forest classification that reflect forest community regeneration in various environmental (site) conditions. This approach has since then been improved and used in several regions of Russia varying in forest site conditions, such as the Urals (Smolonogov 1970 (Smolonogov , 1998 Zubaryeva et al. 1983) , Caucasus (Golgofskaya 1983), south of central Siberia (Krauklis and Medvedev 1966; Popov 1982) , and the Russian Far East (Rosenberg and Manko 1983) . Classification principles similar to those behind the Russian topogenetic approach were also used by researchers from other countries (Pfister et al. 1977; Walker 2000) .
According to this approach forest ecosystem diversity is created by forest development or regeneration stages present at the same time in a given area. The major unit of the topogenetic classification of forest cover is forest type which is interpreted as a series of genetically linked successive vegetation communities developing under certain type of a forest site conditions. Type of forest site conditions is identified based on geological and geomorphological structure of any given area. The topogenetic approach to classification of forest vegetation is based on a concept that all stands found within an area relatively uniform in geographic location and topography are of a common origin, i.e. they are considered as the age stages of the major-woody-species stand for certain forest site conditions. Secondary and major woody stands (stand types) occurring in a certain type of forest site conditions are grouped to make a major vegetation regeneration series. This series is called a forest type.
This topogenetic approach considerably increases possibilities to map vegetation cover dynamics using GIS. With this approach, diversity of forest communities is classified based on similarity of forest site conditions. As a result of DEM analysis, sites similar in topographic location, combination of relief elements, and, hence, in ecological regimes controlling vegetation are identified in the area of interest.
We used this approach for classifying forests of central Angara region, which are heavily disturbed by fire and logging and are currently represented by various stages of the major woody species regeneration. High diversity of these regeneration stages makes it hard to identify natural genesis of these forests and to classify them. To classify these forests, we used systems of forest cover units developed for forests of the Ural mountains (Kirsanov and Smolonogov 1967; ) and elevated plain of south central Siberia (Popov 1982) . This approach was chosen based on the study area similarity in geographical conditions to the territories described by the authors above (low mountains and elevated plains), as well as its likeness to their classification approach which considers the forest ecosystem diversity as an aggregate of forest regeneration stages in different site conditions.
GIS "Forests of Central Siberia" (Cherkashin and Korets 2004) and subsystem "Forest Dynamics and Diversity" (Ryzhkova et al. 2004) were used to develop an algorithm of automated mapping of forest regeneration dynamics. The GIS basic information layers, such as a topographic base map, a raster-vector relief model, aerial and satellite imagery, general geographic and thematic maps, and a database of ground observations conducted on sample sites, were incorporated into the GIS subsystem.
Satellite data processing involves several stages. The first stage is preliminary data processing that includes image geometrical correction and transformation to desirable map projections, georeference, as well as radiometric correction and preliminary processing of multiband images to increase their quality. At the second stage, normalized images are used to carry out thematic processing of remote sensing data. This is done by pattern classification and recognition methods. The third stage of remote sensing information processing involves the resulting data expert estimation.
The multi-band satellite and DEM-composite images were classified separately using the most widespread thematic standard classification procedure (ISODATA) (Tou and Gonzalez 1974; Richards 1986 ) that proved to be effective.
RESULTS AND DISCUSSION

Classification of forest vegetation and forest site conditions
Using the above principles and methods, we developed classification of site conditions taking into account site topology and the associated vegetation types for the study area. To do this, we used Digital Elevation Model (SRTM-3-DEM) (http://www2.jpl.nasa. gov/srtm/russia.htm) to build topological transects that crossed the study area and analyzed these transects using the thematic and general geographic maps contained in the GIS database, literature information, and ground observation data.
DEM-based topographic profiles showing geomorphological characteristics of the area were built (Fig.1) .
Fig. 1.: DEM-based topographic profiles (1-3)
Geomorphological complexes of forest site conditions (I-III): I. Low flat alluvial-accumulative plain (floodplains and low river terraces, 120-270 m a.s.l.) supporting spruce stands on loamy soils in the lower parts of slopes lining river valleys, waterlogged spruce stands on alluvial soils in river flood valleys and on low river terraces, and Scots pine stand on soils of light texture on soft slopes of river terraces. II. Moderately and heavily dissected denudation and denudation-erosion elevated plains (270-400 m a.s.l.) underlain by terrigenous and volcanic-origin deposits supporting mixed larch-Scots pine and Scots pine-larch stands with small shrub-grass-feather moss ground vegetation. III. Dissected middle-mountain plateaus containing hills and ridges (400-860 m a.s.l.) underlain by calcareous, terrigenous, and volcanic bed material with intrusions of traps, with slopes occupied by Scots pine-larch-and larch-Scots pine-small shrub-feather moss stands and flat sites covered by dark conifer stands with grasses and feather moss as ground vegetation.
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Using these profiles and landscape maps (Sochava 1977; Gudilin 1987) , we analyzed geomorphological conditions of the area of interest and identified sites fairly similar in relief (i.e., in mesorelief form, range of elevations above sea level, and dissection of surface) that presumably correspond to different geomorphological complexes (GMC) of forest site conditions. Woody species composition of dominant native and secondary forest types were determined for each GMC for further more detailed classification of current forest communities.
Forest regeneration series typical for different forest site conditions were built for the plain and low-mountain parts of the area of interest using field, archive, and literature data. The regeneration series consist of forest age stages grouped by age class. The age stages are as follows: (a) initial regeneration stages (burned and logging sites); (b) young (up to 40 years old) deciduous stands; (c) mixed conifer-deciduous stands aging 40-80; (d) conifer stands 80-120 years old approaching cutting age; and (e) mature and old conifer stand over 120 years of age.
Our work resulted in development of a joint classification of forest vegetation and site conditions, which formed the key of a forest regeneration map and reflect forest regeneration trends in various environmental conditions (see Appendix).
GIS-based mapping algorithm
An algorithm for creating a forest regeneration map based on spatial analysis of Landsat ETM+ imagery, digital elevation model SRTM-3-DEM and ground data was developed and tested for a test site in Angara region using "Forests of Central Siberia" GIS. This computer mapping algorithm of forest regeneration series is based on automated methods of spatial data analysis combined with expert data estimates.
This algorithm included the following steps: selection and preprocessing of input data (satellite images and DEM); secondary DEM features calculation (DEM composite layers: dissection, slope, curvature); satellite and DEM-composite image unsupervised classification; initial information class analysis and identification; production of vegetation and site conditions raster layers; layer raster-to-vector conversion and polygonal generalization; overlay of vector layers, class combinations analysis, and production of new forest regeneration classes.
The first step included selection of Landsat TM/ETM images to cover the site of interest and preliminary analysis of quality. 5-4-3 Landsat TM/ETM bands RGB-composites were used for satellite image visual examination. The image dates were selected to cover the main part of the growing season in central Siberia (from June 15 to August 20).
A raster layer of elevations above sea level was formed for the area of interest using the available digital models (e.g., SRTM-3-DEM). Secondary DEM feature layers of slope (S), surface curvature (C) (Moore et al. 1991) and surface dissection (R) (Sedykh 1991) were generated in addition to elevations above sea level (H). To simplify the following raster layer processing, H, C, S, and R values were rescaled to fall within a range of 0 to 255. HR and HSC DEM-composites were used to classify site conditions of levels 1 and 2, respectively.
In effort to develop a map of site conditions, the landscape map (Gudilin 1977) was analyzed to reveal that the test area includes the following three major landscape groups: low plains, elevated plains, and low mountains. Then, an unsupervised classification of the two-layer image (elevation above sea level and surface dissection) was carried out. The classes obtained were analyzed and identified by an expert using the landscape map and topographic profiles. These classes were identified as geomorphological complexes of site conditions (Table 1) .
Table 1: Land cover classes identification
All statistical values were calculated using cells in the input raster that belong to the same class.
Geomorphological complex of site conditions is a high unit of site conditions classification. It covers sites similar in mesorelief forms, elevation range, and surface dissection and is characterized by certain climate, soils and set of forest regeneration series. It is the layer of level 1 site conditions map.
Then the multi-band satellite and three-layer DEM-composite (elevations above sea level, slope and surface curvature) images were classified separately by the ISODATA method. The elementary classes resulted from the DEM-composite image analysis were identified by an expert as a forest site conditions types and their combinations (flat interfluves, slopes of different steepness, river valleys and floodplains). These classes constituted the second level of the map of potential site conditions, which is required for correct identification of regeneration series (Table 1) .
The elementary land cover classes obtained from remote sensing data classification were interpreted as age stages, non-forest sites being disregarded.
Three resulted raster layers (layers of two levels of site conditions and forest regeneration stages) were converted into polygonal vector layers. Then they were intersected to create a map of vegetation regeneration series (Fig.2.) using the joint classification of forest vegetation and site conditions (see Appendix). The resulting polygonal vector layers showed that distribution of forest regeneration series and stages covering a range of forest site conditions were obtained for the area of interest.
As is clear from the Classifier of Thematic Tasks of Natural Recourses and Environment Estimation Approached Based on Earth Remote Sensing Data (2008) (http://www.scanex.com/ru/classificator/index.html), Landsat images (30 m resolution) are used in development of the 1:100000-1:500000 thematic maps. The vegetation map obtained in this study is believed to be a 1:200000 map, since its production involved the use of the vector map generalization parameter (minimal mapped area 6 mm 2 ). (Fig.2) . The map key reflects two classification levelsregeneration series developed using the age stages for different site conditions (level A) and forest age stages (level B).
Level A is forest types (i.e. regeneration series). A forest type is characterized by a certain ratio between dominant and co-dominant woody species throughout all succession phases.
Level B is stand types (or age stages). These are even-aged parts of forest stands (within a range of 20 years). This level shows stand age structure in a given area.
The map of vegetation dynamics based on joint classification of site conditions and forest vegetation reflects the relative correspondence of forest types to certain site types and allows us to identify forest regeneration trends under various site conditions. These maps incorporated in the GIS database allow us to estimate forest regeneration with an account of spatial differences in ecological conditions. Information about site conditions and characteristics of forest type for each contour of the map are provided in GIS ecological database. The information on stand types (age stages) forming each forest type includes the following basic parameters: species composition, age, productivity, growing stock volume, and ground vegetation diversity indexes. The parameters of the site conditions supporting each forest type include relief elements, soils, and bedrock. These parameters are also provided in the database.
The maps obtained show current vegetation cover state. As the map key is based on the topogenetic classification that shows site-specific forest vegetation development, these maps also enable to predict dynamics of forest regeneration in different site conditions.
CONCLUSION
The topogenetic classification of forest communities was proved to be most suitable for mapping and estimation of forest ecosystem diversity. It considers the vegetation diversity as a system of forest regeneration phases under various site conditions.
The methodology developed in this study is a step-by-step algorithm to identify forest cover units similar in the features set. The human factor involvement in thematic mapping was minimized by using methods of automated DEM and satellite imagery classification and GIS-based spatial analysis procedures. Combining automated class discrimination methods with expert estimates allowed us to identify forest regeneration series (the basic units of the topogenetic forest cover classification) and vegetation age stages. These are the two major forest cover characteristics, which, although invisible in satellite images, are thematic mapping targets.
The maps incorporated in the GIS database reflect forest regeneration dynamics in time and space. They are actually spatial vegetation models that show ecosystem diversity. The results obtained can be useful for developing principles of sustainable forest management, monitoring forest landscape diversity and improving methods of forest inventory and mapping.
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